Adult forebrain neurogenesis is dynamically regulated. Multiple families of niche-derived cues have been implicated in this regulation, but the precise roles of key intracellular signaling pathways remain vaguely defined. Here, we show that mammalian target of rapamycin (mTOR) signaling is pivotal in determining proliferation versus quiescence in the adult forebrain neural stem cell (NSC) niche. Within this niche, mTOR complex-1 (mTORC1) activation displays stage specificity, occurring in transiently amplifying (TA) progenitor cells but not in GFAPϩ stem cells. Inhibiting mTORC1 depletes the TA progenitor pool in vivo and suppresses epidermal growth factor (EGF)-induced proliferation within neurosphere cultures. Interestingly, mTORC1 inhibition induces a quiescence-like phenotype that is reversible. Likewise, mTORC1 activity and progenitor proliferation decline within the quiescent NSC niche of the aging brain, while EGF administration reactivates the quiescent niche in an mTORC1-dependent manner. These findings establish fundamental links between mTOR signaling, proliferation, and aging-associated quiescence in the adult forebrain NSC niche.
Introduction
Adult neural stem cells (NSCs) balance between two seemingly contradictory biological states. While most of their time is spent in a state of quiescence, a mechanism for preserving genomic stability and extending cellular lifespan, they must simultaneously generate sufficient numbers of differentiated progeny to preserve tissue integrity, function, and regenerative capacity (Li and Clevers, 2010; Nakada et al., 2011) . In the forebrain, NSCs reconcile these disparate functions by maintaining a large pool of highly proliferative transiently amplifying (TA) progenitors within the subventricular zone (SVZ) of the lateral ventricles (Morshead et al., 1994; Chojnacki et al., 2009; Ihrie and AlvarezBuylla, 2011) . TA progenitors undergo rapid proliferative expansion, producing differentiating neuroblasts that migrate to the olfactory bulbs and that are recruited to other brain regions following injury, such as stroke (Arvidsson et al., 2002; Kolb et al., 2007; Thored et al., 2007) . Maintenance of the TA progenitor pool is essential for dynamic modulation of cell genesis in response to physiological or pathophysiological changes. However, the majority of TA progenitors disappear with aging (Maslov et al., 2004; Luo et al., 2006; Molofsky et al., 2006; Bouab et al., 2011) , including in humans (Knoth et al., 2010) , potentially contributing to aging-associated deficits in neural functions and brain maintenance. Thus, understanding how TA progenitors expand from a small number of stem cells has widespread therapeutic relevance.
Expansion of the TA progenitor pool is regulated by many families of extracellular "extrinsic" factors within the NSC niche (Tropepe et al., 1997; Palma et al., 2005; Aguirre et al., 2010; Ihrie and Alvarez-Buylla, 2011) . In particular, epidermal growth factor (EGF)-related ligands play particularly prominent roles. The EGF receptor (EGF-R) is expressed by TA progenitors and a subpopulation of stem cells (Doetsch et al., 2002; Pastrana et al., 2009) , and EGF is routinely used in culture to isolate and expand tripotential neural progenitors from the adult brain (Reynolds and Weiss, 1992; Doetsch et al., 2002) . Mice deficient in transforming growth factor ␣, another EGF-R ligand, have significantly reduced SVZ neurogenesis (Tropepe et al., 1997) , emphasizing the importance of EGF-R signaling for adult neurogenesis. However, less is known about the exact functions of intracellular signaling pathways activated downstream of niche-derived signals. These signaling pathways represent potential therapeutic targets for modulating adult neurogenesis during aging, disease, and injury.
Here, we define novel biological functions of the mammalian target of rapamycin (mTOR) pathway within the adult and aging NSC niche. mTOR is a highly conserved, serine-threonine kinase that regulates numerous essential cellular processes, including transcription, translation, ribosome biogenesis, autophagy, cyto-skeletal dynamics, and cell survival (Zoncu et al., 2011) . In various cell types, mTOR signaling can be modulated downstream of multiple growth factor receptors and sensors of nutrients, energy, and stress (Zoncu et al., 2011) . Moreover, upstream mutations that hyperactivate mTOR signaling in embryonic neural precursors result in tuberous sclerosis complex-associated CNS lesions (Magri et al., 2011) . We now demonstrate that mTOR signaling in the adult forebrain NSC niche is critical for TA progenitor expansion and aging-associated quiescence.
Materials and Methods
Tissue collection. All experiments were conducted in accordance with the guidelines of the Canadian Council of Animal Care and were approved by the University of Montreal animal care committee. Pregnant C57BL/6 mice (Charles River), 2-, 10-, and 18-month-old male C57BL/6 mice (Taconic), and GFAP-GFP mice (stock #003257, The Jackson Laboratory) were used in these experiments. Freshly dissected embryonic tissues and formaldehyde perfusion-fixed adult tissues were postfixed overnight in 4% formaldehyde. Adult tissues were cut into 40 m coronal sections using a vibratome (Leica VT1000S) and stored at Ϫ20°C in antifreeze solution (Bouab et al., 2011) , while embryonic tissues were cryoprotected in 30% sucrose, cryostat sectioned at 15 m thickness and stored at Ϫ80°C.
Microdissected SVZ and striatal samples were obtained from freshly dissected adult mouse brains as follows. Brains were placed in a brain mold and straight-edge razor blades were used to cut a 2-mm-thick coronal section through the forebrain (corresponding to the region between 3 and 5 mm posterior to the anterior edge of the olfactory bulbs). Using a dissecting microscope, fine-tipped tungsten needles were then used to dissect out a block of SVZ tissue, by first making lateral cuts through the corpus callosum (dorsally) and above the anterior commissures (ventrally), and then tracing the gray-white boundaries at the SVZ/ striatum and SVZ/septum borders. A block of striatal tissue of similar size was cut from the center of the adjacent striatum for biochemical comparison and to provide a control for SVZ microdissection purity.
Neurosphere cultures and neural differentiation. Neurosphere cultures were generated at clonal density in DMEM/F-12 (3:1; both from Invitrogen) supplemented with 2% B27 (Invitrogen), 1 g/ml fungizone (Invitrogen), 1% penicillin/streptomycin (Wisent), 20 ng/ml EGF (Sigma), and 25 ng/ml fibroblast growth factor-2 (FGF2; Sigma) as described previously (Bouab et al., 2011) . Primary neurospheres were grown for 7 d before quantification of number and diameter. The self-renewal properties of primary neurospheres were assessed by passaging the primary cultures in the above proliferation medium at a cell density of 0.5 cells/l to ensure the growth of clonally derived secondary spheres (ColesTakabe et al., 2008) . DMSO, rapamycin (Invitrogen), or KU0063794 (chemical formula C25H31N5O4; Tocris Bioscience) were used at the concentrations indicated and were replenished every 2 d. The number and diameter of secondary neurospheres was quantified after 7 d in vitro.
To assess the effects of acute stimulation with EGF on mTOR signaling, neurosphere cells plated in proliferation medium were deprived of EGF, FGF2, and the insulin-containing B27 supplement for one night and were then stimulated with 100 ng/ml of EGF for 0, 15, and 30 min. Cells were analyzed by Western blotting (see below).
Primary neurospheres were differentiated as described previously (Bouab et al., 2011) . After the indicated times, cells were either lysed for analysis by Western blotting or fixed in 4% formaldehyde for 15 min for immunocytochemistry. To assess the effects of mTOR inhibition on differentiation of neurospheres, DMSO, rapamycin (20 nM), or KU0063794 (100 nM) were added to the differentiation medium and replenished every 2 d.
Immunostaining. Immunohistochemistry and immunofluorescence were performed on tissue sections and cultured cells as detailed previously (Bouab et al., 2011) . Working dilutions and sources of antibodies used in this study were as follows: mouse anti-rat ␤III tubulin (1:500; Covance); mouse anti-human CNPase (1:500), guinea pig anti-mouse doublecortin (DCX; 1:1000), and rabbit anti-mouse Olig2 (1:500; Millipore), rabbit anti-cow S100␤ (1:1000; Sigma); rabbit anti-cow glial fibrillary acidic protein (GFAP; 1:1000; Dako Diagnostics); chicken anti-GFP (1:500; Aves); mouse anti-human Ki67 (1:200), mouse anti-rat mammalian achaete scute homolog 1 (Mash1; 1:100), and mouse anti-rat Nestin (1:400; BD Biosciences); and rabbit anti-human phospho-S6 ribosomal protein (P-S6-RP; Ser240/Ser244; 1:300) and rabbit anti-mouse phospho-4EBP1 (Thr37/46; 1:500; Cell Signaling Technology). For fluorescence detection, secondary antibodies were diluted in PBS and incubated with sections/cells for 45 min at room temperature, and nuclei were counterstained with Hoechst 33342 (0.2 M, Sigma-Aldrich) for 2 min. For peroxidase-based detection using 3,3-diaminobenzine, sections were incubated in the appropriate biotinylated secondary antibody for 90 min at room temperature and the signal revealed using the avidin-biotin-peroxidase system (VectaStain ABC Kit, Vector Laboratories) according to the manufacturer's instructions. Secondary antibodies used included CY3 goat anti-mouse (1:400), CY3 goat anti-rabbit (1:400), biotin goat anti-mouse IgG (HϩL; 1:1000), biotin goat anti-rabbit IgG (HϩL; 1:1000; Jackson ImmunoResearch), goat anti-rabbit Alexa 488/ 647, goat anti-mouse Alexa 488, donkey anti-rabbit Alexa 488, goat antiguinea pig Alexa 555, and goat anti-mouse IgG Alexa 555 (all diluted to 1:1000; Invitrogen).
Western blotting. Protein samples were prepared and separated by Western blotting as described previously (Bouab et al., 2011) . Fifty micrograms of protein from each sample were run per lane. Working dilutions and sources of antibodies used in this study included rabbit anti-human phospho-Akt (Ser473; D9E) XP (1:1000), rabbit antihuman Akt (1:1000), rabbit anti-human cleaved caspase-3 (Asp175; 1:500), rabbit anti-human phospho-mTOR (Ser2448; 1:1000), rabbit anti-mouse mTOR (1:1000), rabbit anti-human phospho-S6-ribosomal protein (Ser240/Ser244; 1:1000), mouse anti-human S6 ribosomal protein (1:1000), rabbit anti-mouse phospho-4EBP1 (Thr37/46; 236B4; 1:500), rabbit anti-mouse 4EBP1 (1:1000), rabbit anti-human P-Rictor (Thr1135; D30A3; 1:500), and rabbit anti-human Rictor (53A2; 1:500; Cell Signaling Technology); rabbit anti-mouse calretinin (1:5000; Swant); mouse anti-human CNPase (1:1000), rabbit anti-human Sox2 (1: 500), rabbit anti-human tyrosine hydroxylase (1:1000; Millipore); rabbit anti-cow GFAP (1:5000; Dako Diagnostics); mouse anti-human proliferating cell nuclear antigen (PCNA; 1:1000; BD Biosciences); and mouse anti-rat ␤III tubulin (1:1000; Covance). Horseradish peroxidase-conjugated antimouse IgG (1:5000; Bio-Rad) or anti-rabbit IgG (1:5000; Millipore) secondary antibodies were used. Secondary antibodies were detected using the enhanced chemiluminescence reagent kit following manufacturer's instruction (GE Healthcare) and X-Omat Blue film (Kodak). Membranes were subsequently stripped with Re-Blot Plus Mild (Millipore), reblocked, and reprobed appropriately. Densitometric quantifications were performed using NIH ImageJ 64-bit Java Software for Mac.
Transfection and DNA constructs. The transfection reagent Lipofectamine 2000 (Invitrogen) was used according to the manufacturer's instructions for HEK293 cells. For neurosphere experiments, primary neurospheres were gently triturated and 1 ϫ 10 5 cells were plated into 8-well chamber slides coated with poly-L-lysine. A concentration of 0.5 g of wild-type (WT) mTOR (Addgene plasmid 1861) or kinase-dead (KD) mTOR (Addgene plasmid 8482) were cotransfected with 0.5 g of red fluorescence protein-expressing vector. Cells were incubated in the DNA/Lipofectamine mix for 4 h, and the medium then changed to proliferation medium for 2 d. Following 2 d of proliferation, cells were induced to differentiate by EGF withdrawal.
Intracerebroventricular infusions. Mice were operated under isofluorane anesthesia. Stereotaxic coordinates for implantation of Alzet brain infusion cannulae (Brain infusion kit 3, 3 mm depth; Durect) were 0.0 mm anteroposterior and 0.9 mm lateral relative to Bregma. Cannulae were attached to 7 d Alzet osmotic pumps (model 1007D; Durect), which delivered 0.5 l/h. Growth factor or inhibitor solutions were prepared in 1% albumin at the following concentrations: EGF, 20 g/ml; rapamycin, 0.5 mM. DMSO was used as the vehicle control.
Microscopy. Fluorescence and light microscopy were performed using a motorized Olympus IX81 epifluorescence microscope equipped with a black and white CCD camera and an Olympus BX43F light microscope equipped with a DP21 color digital camera. Confocal microscopy was performed using a Leica SP1 laser-scanning system or an Olympus IX61 spinning disc laser system. Image manipulations were limited to brightness/ contrast and were performed in a standardized manner for all images.
Quantifications and statistical analyses. For anti-P-S6-RP doublelabeling experiments, two to three sections (four to six ventricles per animal) between the stereotaxic coordinates of bregma 0.0 and ϩ1.2 mm were analyzed from each of three animals, and the percentage of P-S6-RPϩ cells that were double labeled is reported.
For quantification of Ki67ϩ and Mash1ϩ cells in 2-month-old and 10-month-old mice following intracerebroventricular (ICV) infusion of DMSO, rapamycin, EGF or EGF plus rapamycin, quantifications were limited to the side ipsilateral to pump implantation, as P-S6-RP staining showed that the effects of rapamycin were restricted to the side of infusion. Two to three sections between bregma 0.0 and ϩ1.2 mm (i.e., the region of efficient P-S6-RP inhibition) were used from each of three animals to obtain a total of 18 -24 fields of view (40ϫ magnification). Nuclear size measurements showed no significant differences in diameter across treatment groups (2 months, DMSO, 7.60 Ϯ 0.13 m; 2 months, rapamycin, 7.98 Ϯ 0.19 m; 10 months, DMSO, 7.55 Ϯ 0.41 m; 10 months, EGF, 7.41 Ϯ 0.14 m; 10 months, EGF plus rapamycin, 7.88 Ϯ 0.14 m). Quantifications from 40-m-thick sections are therefore presented as uncorrected cell counts per mm of SVZ length, providing an estimation of relative changes in cell numbers in each group. Two-tailed unpaired t tests were used to compare the means between pairs of groups and statistical significance was set at p Յ 0.05. Error bars depict the SEM. All statistical analyses were performed using GraphPad Prism for Windows (version 5.02).
Results

mTOR signaling is activated within zones of developing and adult neurogenesis
The biological functions of mTOR are mediated by two known mTOR-containing signaling complexes, mTORC1 and mTORC2, whose activation can be monitored by phosphorylation of distinct downstream substrates, including S6-RP, 4EBP1, and Rictor (for mTORC1) or Akt (for mTORC2) (Sarbassov et al., 2005; Zoncu et al., 2011; Laplante and Sabatini, 2012) . Phosphorylated S6-RP (P-S6-RP Ser240/244 ), in particular, is a sensitive and highly specific indicator of mTOR signaling.
We first used P-S6-RP Ser240/244 immunoreactivity to compare the distribution of mTOR activation in the developing and the adult CNS. At embryonic day 15 (E15), P-S6-RP immunoreactivity was abundant throughout the neural tube, including in the germinal ventricular zones and the expanding parenchyma of both the brain and spinal cord ( Fig. 1 A-D) . P-S6-RPϩ cells in the ventricular zone of the E15 telencephalon represented a subpopulation of the Nestinϩ neural stem/progenitors ( Fig. 1 A, B) . Similarly, in the caudal neural tube, P-S6-RPϩ cells were a subpopulation of the Vimentinϩ cells within the ventricular zone of the developing spinal cord (Fig. 1C,D) .
P-S6-RP Ser240/244 cells were likewise distributed widely throughout the parenchyma of the adult brain and spinal cord; however, in contrast to the embryonic CNS, P-S6-RPϩ cells were largely absent from adult ventricular zones ( Fig. 1E-H) . The exception to this was the SVZ bordering the striatal wall of the lateral ventricles, notable for its ongoing adult neurogenesis, where P-S6-RPϩ cells represented a subpopulation of the Nestinϩ cells (Fig. 1E,F) . P-S6-RPϩ cells were virtually absent from the medial and dorsal walls of the lateral ventricles (Fig. 1E) , where neurogenesis is less common. Likewise, P-S6-RPϩ cells were absent from the Vimentinϩ ependymal layer of the spinal cord, which is also nonneurogenic (Fig. 1G ,H). P-S6-RPϩ cells within the parenchyma of the adult brain and spinal cord corresponded to mature neurons, while GFAPϩ astrocytes were notably negative (data not shown).
Biochemical analyses confirmed the activation of mTORinduced signaling pathways in the adult forebrain SVZ niche ( Fig.   1 I-K ). Lysates were generated from microdissections of the lateral ventricle SVZ and from the adjacent striatal tissue (Fig. 1 I) . The purity of these microdissections was confirmed by Western blotting for region-specific markers, including tyrosine hydroxylase (striatum specific) and Sox2, PCNA, and calretinin (SVZ enriched) (Fig. 1 J) . Compared to the adjacent striatum, SVZ lysates were found to be enriched for phosphorylated mTOR itself (P-mTOR Ser2448 ), for downstream substrates of mTORC1 (P-S6-RP Ser240/244 , P-4EBP1 Thr37/46 , and P-Rictor Thr1135 ), and for the mTORC2-dependent Ser473 phosphorylation site of Akt (PAkt S473 ) (Sarbassov et al., 2005) (Fig. 1 J) . Quantification by densitometry indicated that the relative phosphorylation levels of mTOR, S6-RP, and Akt were all two to four times higher in the SVZ than in the adjacent striatum ( Fig. 1 K) ; moreover, since these SVZ microdissections included the medial and dorsal walls of the ventricles, this is likely an underestimation of the enrichment of mTOR activity within the neurogenic lateral SVZ.
Thus, mTOR-associated signaling pathways are widely activated in ventricular zones during developmental neurogenesis and are selectively maintained within the adult forebrain SVZ neurogenic niche. mTORC1 activation occurs in TA progenitors and is required to maintain the endogenous TA progenitor pool The four principal cell types within the SVZ niche of the adult mouse forebrain are ependymal cells, astrocytes (including the astrocyte-like stem cells), TA progenitors, and neuroblasts, whose lineage relationships and markers have been well characterized ( Fig. 2 A) (Doetsch et al., 1997 (Doetsch et al., , 1999 . Since only a fraction of SVZ cells were immunoreactive for P-S6-RP Ser240/244 ( Fig.  2 B) , we performed multilabel immunofluorescence for P-S6-RP Ser240/244 and cell type-specific markers ( Fig. 2C-H ). Quantification revealed that 94.7 Ϯ 2.0% of P-S6-RPϩ cells were immunoreactive for the proliferation marker Ki67, 81.1 Ϯ 3.7% expressed Mash1 (neuronally specified TA progenitors), 7.6 Ϯ 4.3% expressed Olig2 (TA progenitors and oligodendrocytelineage cells), and 15 Ϯ 6.9% expressed the neuroblast marker DCX ( Fig. 2C-I ). P-S6-RP Ser240/244 cells represented 16.1 Ϯ 2.7% of the total Ki67ϩ cells and 25.1 Ϯ 6.0% of the total Mash1ϩ cells (Fig. 2 J) . Immunostaining for a second mTORC1 target, P-4EBP1 Thr37/46 , showed a qualitatively similar labeling pattern, with the majority of P-4EBP1ϩ cells coexpressing Mash1 (Fig. 2 K) .
Notably, P-S6-RP staining was absent in both GFAPϩ astrocytes/stem cells (Fig. 2 D) and S100␤ϩ ependymal cells (Fig. 2C) , suggesting that mTORC1 activation in vivo does not occur in cells having stem cell potential. In particular, the GFAPϩ stem cell compartment is thought to be comprised of both quiescent (GFAPϩKi67Ϫ) and rarer "activated" (GFAPϩKi67ϩ) subpopulations. We therefore exhaustively analyzed Ͼ600 P-S6-RPϩ cells in z-stacks through the SVZ using a 60ϫ objective (data not shown) and never detected P-S6-RP immunoreactivity in GFAPϩ cells. Furthermore, immunostaining of sections from the SVZ of GFAP-GFP transgenic mice likewise revealed no colocalization between P-S6-RP and GFP (Fig. 2 L) . Together, these data indicate that activation of mTORC1 signaling does not occur to any significant extent in GFAPϩ NSCs, and that mTORC1 signaling within the adult SVZ neurogenic lineage first occurs within the TA progenitor compartment.
To gain insight into the potential role(s) of mTOR signaling within the TA progenitor population, we next used osmotic pumps to infuse 0.5 l/hr of 500 M rapamycin continuously into the lateral ventricles for 7 d. Rapamycin is a widely tested, clinically approved, and highly specific allosteric inhibitor that operates by binding FKBP12 to inhibit mTORC1 activation. Immunostaining confirmed that ICV infusion of rapamycin was effective in abolishing P-S6-RP Ser240/244 within a 1-2 mm span of the ipsilateral SVZ and surrounding striatal tissue (Fig. 3A,D) . Immunostaining for Ki67 on adjacent tissue sections revealed that in vivo administration of rapamycin reduced the pool of constitutively proliferating SVZ cells to 48.47 Ϯ 3.5% of that found in DMSO-infused animals ( Fig.  3B ,E,G). This was primarily due to a reduction in TA progenitors, as the number of Mash1ϩ cells likewise decreased to 64.70 Ϯ 1.7% compared to DMSO infusion (Fig. 3C,F,H) . Furthermore, this decrease was attributable to reduced proliferation rather than increased apoptosis, as immunostaining for cleaved caspase-3 showed that regardless of treatment, apoptotic cells could be seen surrounding the cortical cannula tract but were only rarely detectable within the SVZ (Fig. 3I) . No obvious effects on astrocyte-associated GFAP immunoreactivity were observed (data not shown), consistent with the lack of astrocyte-associated mTORC1 activity described previously (Fig. 2) . DCXϩ neuroblasts were still present following rapamycin infusion, but changes in their number could not be reliably assessed owing to significant changes in neuroblast migration patterns toward the cortical pump implantation site (data not shown).
Together, these results indicate that endogenous mTOR signaling is important for maintaining the size of the proliferating TA progenitor pool in vivo.
mTOR activity mediates EGF-induced expansion of adult neurosphere cultures
The above findings suggested that mTOR signaling mediates the proliferative effects of endogenous niche-derived signals. Since
Figure1. ActivationofmTORsignalingpathwaysinneurogeniczonesofthedevelopingandadultCNS.A-D,ConfocalimagesofimmunofluorescenceforP-S6-RP(red)withintheNestin-expressing(green) ventricularzoneoftheE15telencephalon(A,enlargedinB)andwithintheVimentin-expressing(green)ventricularzoneoftheE15spinalcord(C,enlargedinD).CellsimmunoreactiveforP-S6-RParewidespread in the ventricular zones and expanding parenchyma throughout the E15 CNS. E-H, Confocal images of immunofluorescence for P-S6-RP (red) and Nestin (green) in the SVZ of the 2-month-old adult forebrain lateralventricles(LV;E,enlargedinF),andforP-S6-RP(red)andVimentin(green)surroundingthe2-month-oldspinalcordcentralcanal(G,enlargedinH).CC,Centralcanal.CellsimmunoreactiveforP-S6-RP remain detectable within the neurogenic striatal SVZ (arrows; E, F), but are no longer present within the ependymal layer of the spinal cord. Arrowheads in F and H point out strong P-S6-RP immunoreactivity inmatureneuronsthroughouttheCNS.I-K,BiochemicaldetectionofmTORsignalingactivityintheadultforebrainstriatalSVZ.I,SchematicshowingtheSVZ(redbox)andstriatum(STR,bluebox)regionsthat weremicrodissectedfrom2mmsectionsoftheadultmouseforebrain.J,RepresentativeWesternblotsofSVZandSTRlysatesprobedwithavarietyofmicrodissectioncontrols(Sox2,PCNA,tyrosinehydroxylase, and calretinin) and for components of mTOR signaling pathways (mTOR, Akt, S6-RP, 4EBP1, and Rictor). Levels of P-mTOR, P-Akt, P-S6-RP, P-4-EBP1, and P-Rictor are all elevated within the SVZ relative to the adjacent striatum. K, Average densitometry ratios for P-mTOR/mTOR, P-S6-RP/S6-RP, and P-Akt/Akt (n ϭ 6 separate experiments). **p Ͻ 0. (1) EGF-family ligands are major proliferative signals in the SVZ niche and (2) EGF can be used to generate neurosphere cultures of tripotential neural progenitors from the adult brain, we next used multiple in vitro paradigms to directly study the role of mTOR signaling during EGF-induced proliferative expansion of neural precursors.
First, serum-free suspension cultures of tripotential neural progenitors were generated with EGF and FGF2 for 7 d using the colonyforming neurosphere method (Reynolds and Weiss, 1992) . Following overnight deprivation of serum and growth factors (EGF, FGF2, and insulin-containing B27 supplement) from dissociated and plated neurosphere cells, acute stimulation with EGF triggered a rapid increase in P-mTOR Ser2448 , in the mTORC1 downstream targets P-S6-RP Ser240/244 and P-Rictor
Thr1135
, and in the mTORC2 downstream target P-Akt Ser473 (Fig. 4A ), which were all detectable biochemically within 15 min. To determine the consequences of blocking EGF-induced mTOR activation, we then used two mechanistically distinct pharmacological inhibitors of the mTOR signaling cascade, the mTORC1 inhibitor rapamycin and a more recently developed dual mTORC1/mTORC2 inhibitor, KU0063794 (GarciaMartinez et al., 2009; Malagu et al., 2009) . Unlike the allosteric inhibitor rapamycin, KU0063794 is a highly selective ATPcompetitive mTOR inhibitor that blocks both mTORC1 and mTORC2 activity with an IC50 of ϳ10 nM. The specificity and ef- fective dosages of these inhibitors on neurospheres (both in the nanomolar range) were established in preliminary experiments, which demonstrated that both rapamycin and KU0063794 reduce P-mTOR Ser2448 and the mTORC1 downstream targets P-S6-RP Ser240/244 and P-Rictor Thr1135 , but that only KU0063794 reduces the level of the mTORC2 readout, P-Akt Ser473 (Fig. 4 B) . Rapamycin-mediated inhibition of mTORC1 was also associated . mTOR signaling is an essential mediator of EGF-induced proliferation in neurosphere cultures of tripotential neural progenitors. A, Time course of mTOR, S6-RP, Rictor, and Akt phosphorylation in adult SVZ neurosphere cultures upon acute stimulation with 100 ng/ml EGF. Neurospheres were dissociated, plated overnight in medium containing EGF and 1% serum, and then deprived of EGF, serum, and insulin overnight before EGF stimulation. B, Effects of the mTORC1 inhibitor, rapamycin, or the mTORC1/2 inhibitor KU0063794 on activation of mTOR signaling pathways. Primary neurospheres were dissociated and plated in the presence of EGF and B27 for 2 d, and then the inhibitors were added at the indicated doses for 30 min before cell lysis. C, D, Images of the effects of rapamycin and KU0063794 on growth of secondary neurospheres in the presence by EGF, FGF2, and B27 (C). Quantifications show that rapamycin and KU0063794 cause a dose-dependent decrease in neurosphere number (upper graphs) and size (lower graphs) (D). E-H, Effects of rapamycin and KU0063794 on EGF-induced proliferation of adherent monolayer cultures of SVZ-derived neural precursors. Immunofluorescence for P-S6-RP (green) and Ki67 (red) following 3 d of stimulation with EGF with and without inhibitors shows that both inhibitors efficiently block S6-RP phosphorylation, and this is associated with partial (rapamycin) or complete (KU0063794) inhibition of cell proliferation. Quantification of Ki67 is shown in H. Graphs show the mean Ϯ SEM from n ϭ 4 -6 independent cultures. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.0001. Scale bars: C, (in G) E-G, 50 m.
with consistent increases in P-Akt Ser473 ; this is in agreement with mTORC1's reported cross-inhibition of mTORC2 activity (Julien et al., 2010) and, importantly, confirms that rapamycin treatment did not suppress mTORC2 activity as has been reported in some cell types under certain circumstances (Sarbassov et al., 2005; Zeng et al., 2007; Lamming et al., 2012) . To assess the effects of these inhibitors on neurosphere growth, primary neurospheres were dissociated and grown into secondary neurospheres in EGF-containing medium supplemented with rapamycin, KU0063794 or DMSO (Fig. 4C,D) . Quantification revealed that rapamycin and KU0063794 had similar effects on neurosphere growth: compared to DMSO, both inhibitors significantly reduced the number and size of neurosphere colonies grown in the presence of EGF in a dose-dependent fashion (Fig. 4 D) , indicating that mTORC1 activation is required for normal growth factor-induced expansion of tripotential neural progenitors.
Second, adherent cultures of proliferating tripotential neural progenitors were generated by dissociating primary neurospheres and plating the cells onto a poly-L-lysine-coated substrate in medium containing serum and EGF (Fig. 4 E-H ). Adherent cultures grown in the presence of EGF with or without mTOR inhibitors were immunostained for P-S6-RP Ser240/244 after 3 d. Both rapamycin and KU0063794 treatments completely abolished the high basal levels of mTORC1 activity (Fig. 4 E-G) . This was associated with significantly reduced numbers of Ki67ϩ proliferating cells, which fell to 51 Ϯ 13.1% in the presence of rapamycin and were entirely eliminated with KU0063794 (Fig.  4 E-H ). Cell density in the presence of rapamycin and KU0073794 was lower than with DMSO treatment; this was mainly due to reduced proliferation rather than increased cell death, as mTOR inhibition with these inhibitors did not induce caspase-3 activation by immunostaining (data not shown). In the case of KU0063794, occasional pyknotic nuclei were observed, which might indicate that prolonged mTORC1/2 inhibition eventually diminishes neural precursor survival; this would not be surprising given that the mTORC2 target, Akt, is also a well known mediator of survival-promoting growth factors (Barnabé-Heider and Miller, 2003) .
Together, these in vitro experiments establish mTOR signaling as a major mediator of EGF-induced proliferative expansion of adult SVZ-derived neural precursors.
mTOR inhibition in the absence of EGF induces a reversible, quiescence-like phenotype
Withdrawal of EGF from cultures of SVZ-derived neural precursors normally triggers a stereotyped differentiation of neurons (␤III-tubulinϩ), astrocytes (GFAPϩ), and oligodendrocytes (CNPaseϩ), as can be shown by Western blotting (Fig. 5A) . Western blot time course analysis showed that this neuronal and glial differentiation is accompanied by a steady decline in overall P-S6-RP Ser240/244 and P-Akt Ser473 levels (Fig. 5A ). Immunostaining confirmed that while both P-S6-RP Ser240/244 ϩ and Ki67ϩ cells were maintained at high levels in the presence of EGF, P-S6-RP immunoreactivity was greatly reduced following 7 d of EGF withdrawal (Fig. 5B) . Strong P-S6-RP immunoreactivity was retained only in a subpopulation of ␤III-tubulin-expressing neurons and some CNPase-expressing oligodendrocytes; moreover, consistent with its expression pattern in the SVZ, P-S6-RP was virtually undetectable in GFAP-expressing astrocytes (Fig. 5B) . Thus, mTORC1 activation is high in undifferentiated neural precursors, declines during EGF withdrawal-induced differentiation, and is then reexpressed in maturing neurons and oligodendrocytes.
To assess the consequences of mTOR inhibition on the pattern of NSC differentiation, cultures were differentiated for 7 d in the continuous presence of DMSO, rapamycin or KU0063794 (Fig. 5C,D) . Inhibitor specificity was maintained after 7 d, as rapamycin-treated cells showed reductions in mTORC1 targets P-S6-RP Ser240/244 and P-Rictor Thr1135 , but not in the mTORC2 target P-Akt Ser473 , while KU0063794-treated cells showed a reduction in targets of both mTORC1 and mTORC2 (Fig. 5C ). Similar to their effects in EGF-treated cultures, both rapamycin and KU0063794 treatments further reduced the low level of cell proliferation found in differentiating cultures, as shown by decreased expression of PCNA (Fig. 5C) . Unexpectedly, however, rapamycin and KU0063794 treatments also attenuated differentiation into all three neural lineages (neuronal, oligodendrocytic, and astrocytic) as measured both by Western blotting (Fig. 5C ) and immunostaining (Fig. 5D) for ␤III-tubulin, GFAP, and CNPase. Inhibitor-treated cells still retained a low level of Nestin expression (Fig. 5D) . Despite the unusual lack of differentiation and proliferation, and concurrent low expression of Nestin, the inhibitor-treated cells remained healthy: baseline apoptosis in the cultures (as measured by cleaved caspase-3) was decreased ( Fig.  5C ) rather than increased, pyknotic nuclei were not visible with Hoechst labeling (Fig. 5E) , and the overall cellular morphology was normal (Fig. 5E ). Thus, mTOR inhibition leads to a nonproliferating, nondifferentiating phenotype, which is reminiscent of aging-associated neural precursor quiescence.
These findings were independently supported by transiently transfecting neurosphere cells with plasmids encoding WT versus KD mTOR constructs. In control experiments, HEK293 cells transfected with mTOR(KD) showed detectable reductions in overall levels of P-S6-RP Ser240/244 and P-4EBP1 Thr37/46 when compared to mTOR(WT) transfection, confirming inhibition of mTOR signaling (Fig. 5F ). We therefore transfected dissociated primary neurosphere cells, plated them for 6 d in differentiation conditions, and analyzed the fate of the transfected cells on a cell-by-cell basis by immunostaining (Fig. 5G,H ) . Quantification showed a 44% reduction in the proportion of transfected cells that differentiated into GFAPϩ astrocytes with mTOR(KD) [from 42.83 Ϯ 4.5% (WT) to 24.68 Ϯ 1.59% (KD); n ϭ 4 experiments]. In the case of neuronal differentiation, only 0.8 Ϯ 0.33% of mTOR(WT) cells became ␤III-tubulinϩ neurons under these conditions, and this declined to 0.2 Ϯ 0.12% with mTOR(KD) but did not reach statistical significance ( p ϭ 0.19). An increase in Mash1ϩ cells was not detected, but weak Nestin immunoreactivity was maintained, suggesting that mTOR(KD)-transfected cells retained immature qualities.
To further test the idea that mTOR-inhibited cells retain undifferentiated properties, we assessed whether the inhibition of differentiation observed by rapamycin treatment was a reversible process. Specifically, we asked whether subsequent withdrawal of rapamycin from "quiescent" cultures would permit neurogenesis and gliogenesis to resume (Fig. 6 ). As previously, rapamycin treatment of differentiating NSC cultures for 5 d abolished P-S6-RP immunoreactivity and inhibited immunoreactivity for ␤III-tubulinϩ neurons and GFAPϩ astrocytes (Fig. 6 A) . Following an additional 4 -5 d of differentiation with rapamycin withdrawal, ␤III-tubulinϩ neurons and GFAPϩ astrocytes reappeared in the quiescent cultures, as shown by immunostaining and counts of ␤III-tubulinϩ cells (Fig. 6 A, B) . We confirmed and extended the analysis of this recovery of differentiation in parallel biochemical experiments: rapamycin withdrawal was associated with recovery of phosphorylation of the mTORC1 downstream targets P-S6-RP Ser240/244 , P-4EBP1 Thr37/46 , and P-Rictor Thr1135 , and resulted in an increase in ␤III-tubulin, GFAP and CNPase levels (Fig. 6C) .
Together, these findings demonstrate that, in the absence of exogenous EGF proliferative signals, inhibiting mTOR activity leads neural precursors to adopt a reversible, quiescence-like phenotype. mTOR signaling and cell proliferation decline in parallel in the quiescent SVZ of the aging brain The phenotypic similarity between the effects of mTOR suppression in vitro and aging-associated SVZ quiescence in vivo prompted us to investigate the fate of the mTORϩ TA progenitors in the aging brain. The NSC lineage in the adult SVZ becomes increasingly quiescent between early adulthood (2-3 months) and middle-age (10 -12 months); over this period, the number of neurosphere-forming stem cells remains stable ( Bouab et al., 2011). We used immunofluorescence to identify P-S6-RPϩ cells and Ki67ϩ cells in the SVZ of 2-, 12-, and 18-month-old mice (Fig. 7A ). Quantifications revealed a coordinate decline in P-S6-RPϩ cells, Ki67ϩ cells, and double-labeled cells (P-S6-RPϩKi67ϩ) (Fig. 7B) . Consistent with our earlier results in 2-month-old mice, the vast majority of P-S6-RPϩ cells remained Ki67ϩ at all ages, and these P-S6-RPϩKi67ϩ cells always constituted 18.8 Ϯ 5.9% of the entire Ki67ϩ cell population (Fig.  7C) . Thus, there is a strong correlation between decreasing mTOR activity and declining cell proliferation within the aging SVZ.
Quiescent neural precursors in the aging SVZ are reactivated by EGF-induced mTOR stimulation
We next asked whether EGF administration could be used to reactivate proliferation in the aging SVZ niche, and whether EGF-induced mTOR activation (Fig. 4) would be involved and/or necessary in this process. Osmotic pumps were used for Figure 6 . Rapamycin-induced quiescence of cultured neurosphere cells is reversible. Primary neurospheres were dissociated and plated in differentiation conditions for either (1) 5 d (supplemented with DMSO or rapamycin), (2) 9 d (5 d with rapamycin plus 4 d of rapamycin withdrawal), or (3) 9 d (DMSO or rapamycin for the entire period) as indicated. A, Immunocytochemistry for ␤III-tubulinϩ neurons and GFAPϩ astrocytes; note the reappearance of neurons and GFAP immunoreactivity following rapamycin withdrawal. B, Quantification shows that ␤III-tubulinϩ neuron number increases following rapamycin withdrawal. C, Western blotting of lysates from a parallel experiment; note the recovery in P-S6-RP and P-4EBP1 levels following rapamycin withdrawal and the associated increases in ␤III-tubulin, GFAP, and CNPase levels. Five micrograms of protein were loaded per lane, and all bands for each probe were obtained from the same blot. *p Ͻ 0.05; **p Ͻ 0.01. Scale bar, 25 m.
7 d ICV infusions of DMSO, EGF, or EGF plus rapamycin into the lateral ventricles of 10-month-old mice (Fig. 8) . Compared to 2-month-old mice, 10-month-old mice receiving DMSO infusions possessed fewer P-S6-RPϩ, Ki67ϩ and Mash1ϩ cells (compare Figs. 3A-C, 8A-C). Aging neural precursors indeed remained responsive to EGF-induced mTOR activation, as EGF infusion stimulated the reappearance of P-S6-RP throughout the SVZ of 10-month-old mice (Fig. 8 D) . Remarkably, this was associated with a complete restoration of SVZ cell proliferation, as the numbers of both Ki67ϩ proliferating cells (Fig. 8 E) and Mash1ϩ TA progenitors (Fig. 8 F) were normalized to the levels found in 2-month-old mice (Fig. 8 J, K ) . To assess the involvement of EGF-induced upregulation of mTOR signaling during this reactivation of the SVZ, we analyzed mice that received coinfusion of rapamycin with EGF. Importantly, rapamycin coinfusion completely eliminated the EGF-induced increases in P-S6-RP, Ki67ϩ cells and Mash1ϩ cells (Fig. 8G-K) . Together, these in vivo experiments reveal that quiescent SVZ neural precursors in the aging brain can be reactivated by EGF in an mTORdependent manner, identifying mTOR signaling as a potential target for reversing aging-associated SVZ quiescence.
Discussion
The ability of neural stem cells to maintain a pool of proliferating TA progenitors is critical for efficiently controlling neural cell production in the adult brain. In this regard, our investigation of the mTOR signaling pathway allows us to draw three novel and important conclusions. First, mTORC1 signaling is specifically activated in the TA progenitor cells of the SVZ niche. This cell type specificity is unexpected given the wide array of cellular functions mTOR has been shown to regulate (Zoncu et al., 2011) and identifies the mTOR signaling pathway as a novel, stagespecific molecular target for modulating activity of the SVZ niche. Second, mTOR signaling is important for the proliferation of the TA progenitor pool in response to exogenous EGF or endogenous proliferative signals, acting as a critical mediator of proliferative expansion in the adult SVZ neurogenic niche. Third, our experiments demonstrate important links between downregulation of mTOR signaling and quiescence of the SVZ during aging. These findings reveal the mTOR signaling pathway is a key regulator of neurogenesis in the adult and aging brain.
mTOR: a stage-specific signaling pathway in the forebrain NSC lineage
The complexity of intercellular regulation within the SVZ is highlighted by a growing list of secreted and membrane-bound extrinsic factors within this niche, including (but not limited to) the EGF, Notch, Ephrin, Sonic Hedgehog (SHH), BMP, plateletderived growth factor, Wnt, and vascular endothelial growth factor systems (Ihrie and Alvarez-Buylla, 2011). For instance, BMP-induced Smad signaling can promote stem cell quiescence, but is also important for neurogenesis, depending on the cell type expression patterns of type I and type II BMP receptors (Lim et al., 2000; Mira et al., 2010) . The Notch-Delta system regulates the activity of both astrocytic stem cells and ependymal niche cells (Carlén et al., 2009; Aguirre et al., 2010) . Eph-Ephrin signaling influences multiple aspects of the SVZ niche, including the ability of ependymal niche cells to acquire stem cell properties Nomura et al., 2010) . These families activate diverse signaling events, generally across overlapping subpopulations of SVZ cell types, making it challenging to interpret, define, and ultimately manipulate cell type-specific signaling pathways to achieve specific biological outcomes.
In the present study, we found that mTOR-associated signaling pathways were specifically activated within the constitutively proliferating pool of TA progenitors in the SVZ niche. Less than 10% of SVZ cells exhibited P-S6-RP immunoreactivity, and the vast majority of these expressed Ki67 with Mash1 and/or Olig2, a marker profile characteristic of the TA progenitor population. P-S6-RP immunoreactivity was never observed in GFAPexpressing SVZ cells, including in GFAPϩKi67ϩ cells; this indicates that the mTORC1 branch of mTOR signaling is not activated within the quiescent or activated pools of neural stem cells, although it should be noted that mTOR may still have basal or mTORC2-mediated functions in these cells. Moreover, in the context of therapeutic approaches, it also should be recognized that prolonged activation of the TA progenitor population might conceivably lead to a secondary effect on the stem cell pool. Nevertheless, these findings identify mTOR signaling as a potential target pathway for specifically modulating the biologically crucial TA progenitor population of the SVZ niche. It will be of great interest to evaluate whether mTOR activity is also specifically enriched within the TA progenitor populations of other adult tissues as well. (C, F, I ). Note that EGF treatment enhances the levels of all three markers in the aged brain, and these effects are blocked by rapamycin coinfusion. J, K, Quantification of Ki67ϩ proliferating cells (J) or Mash1ϩ progenitors (K). For reference, the 2 month results quantified in Figure 3 are included to show the impact of aging on the Ki67ϩ and Mash1ϩ populations. Note that Ki67ϩ and Mash1ϩ cells in 10-month-old mice recovered to the levels found in 2-month-old mice as a result of EGF infusion, and that this effect was entirely blocked by rapamycin. Graphs show the mean and SEM of n ϭ 3 mice per treatment group. L, mTOR activity is present within the TA population (defined as Ki67ϩMash1ϩ or Ki67ϩOlig2ϩ) and modulates their proliferation, differentiation, and quiescence. Brain aging is associated with a decrease in mTOR activity and reduction in the size of the proliferating TA progenitor pool, while the size of the stem (Figure legend continues.) mTOR: a key player in the dynamic regulation of the TA progenitor pool in the adult SVZ Previous studies have implicated the mTOR signaling pathway in regulating the proliferation and/or self-renewal capacity of neural stem/progenitors in the rapidly developing embryonic and early postnatal brain (Sinor and Lillien, 2004; Sato et al., 2010; Magri et al., 2011; Raman et al., 2011) . Our data indicate that mTOR signaling continues to play a role in neural precursors of the mature brain, where activation of mTOR signaling in TA progenitor cells is necessary for the maintenance and proliferation of the TA progenitor pool in vitro and in vivo. Interestingly, while only ϳ20% of Ki67ϩ cells were found to be P-S6-RPϩ at any given time in the SVZ, mTOR inhibition caused an ϳ50% decline in the Ki67ϩ cell population; this may indicate that P-S6-RP activation is dependent on cell cycle stage or, alternatively, that the P-S6-RPϩ cells represent a subpopulation of more primitive TA progenitor cells.
A complex issue that will require further studies is the precise reasons for the reduction in mTOR activity with aging ( Fig. 8 L) . While we focused on EGF-R signaling in our experiments, niche factors such as SHH, Wnts, and FGFs likewise exert proliferative effects within the SVZ, and potentially act through mTOR modulation as well. Besides the ligands themselves, age-related changes also may occur at the level of receptor expression, as the EGF-R is reportedly downregulated during aging (Enwere et al., 2004) . Finally, there is an added layer of complexity arising from the previous demonstration that systemically derived circulating signals also contribute to aging-associated changes in neurogenesis (Villeda et al., 2011) . On this complex backdrop, mTOR signaling potentially serves as a readout of proliferative stimuli and a target for intervention.
Clues to the regulation of mTOR activity in TA progenitors may be provided by the anatomical localization of TA progenitor cells within their niche. TA progenitor cells are found closely aligned along the SVZ plexus of blood vessels, directly contacting blood vessel endothelial cells at sites where the blood-brain barrier is absent (Shen et al., 2008; Tavazoie et al., 2008) . This localization of TA progenitors means they are ideally positioned to be regulated by blood vessel endothelial cells (Rosa et al., 2010; Galan-Moya et al., 2011) or by blood nutrient status (Zoncu et al., 2011) . Thus, mTOR signaling in TA progenitors represents a tantalizing potential node of signaling integration between cell surface growth factor receptors, such as EGF-R, and nutrient regulation of stem/progenitor activity.
mTOR, aging, and reactivation of the quiescent SVZ niche
The present study identifies a new and fundamental role for mTOR signaling in the regulation of TA progenitor quiescence. mTOR inhibition yielded a quiescence-like phenotype in vitro, while EGF-induced upregulation of mTOR activity enabled the reactivation of the quiescent SVZ niche within the aging brain. EGF infusion had remarkable effects on the aged SVZ niche, restoring levels of P-S6-RPϩ cells, proliferating cells, and Mash1ϩ TA progenitor cells to the levels found in the young adult. Interestingly, previous studies have shown that EGFinduced proliferation, at least in the young adult SVZ, eventually leads to a major expansion of the oligodendrocyte lineage (Gonzalez-Perez et al., 2009; Gonzalez-Perez and Alvarez-Buylla, 2011) . Furthermore, the mTOR signaling pathway has been implicated in both oligodendrocyte differentiation and later stages of myelination (Tyler et al., 2009; Zou et al., 2011; Guardiola-Diaz et al., 2012) . Thus, whether mTOR signaling affects expansion of the TA progenitor population in a generalized or more lineage-specific fashion remains to be established.
Importantly, the involvement of mTOR signaling in EGFinduced reactivation of the quiescent SVZ leads to the hypothesis that aging-induced quiescence of the NSC lineage may be largely due to regulatory changes occurring at the level of the TA progenitors rather than the stem cell population. In line with this idea, the aging SVZ undergoes a reduction in TA progenitor cells but not astrocyte-like stem cells (Luo et al., 2006) . Moreover, we have shown previously that equal numbers of cells having stem cell potential can be isolated from the SVZ between early and mid-adulthood, despite the fact that proliferation and the TA progenitor pool is reduced by Ͼ50% (Bouab et al., 2011) . Our findings suggest that specifically targeting the TA progenitor pool may be an effective approach for reversing quiescence in the SVZ; it will therefore be essential to evaluate how the regulatory mechanisms specifically controlling mTOR activity and TA progenitor proliferation are altered during the aging process.
Interestingly, it has been well established that mTOR is a powerful regulator of an organism's longevity across a variety of invertebrate and vertebrate model systems. In mice, significant lifespan extensions are produced by chronic mTOR suppression with rapamycin, by knock-out of the mTORC1 effector S6 kinase, or by nutrient deprivation (Harrison et al., 2009; Selman et al., 2009; Kapahi et al., 2010; Kenyon, 2010; Zoncu et al., 2011) . Given the central role of adult tissue stem cells in tissue maintenance and repair, the fact that mTOR inhibition induces a quiescence-like phenotype in neural precursors and promotes lifespan extension seems somewhat counterintuitive. This may be due to differences between ICV treatment with rapamycin and the systemic approaches used in lifespan studies, or might suggest that the longevity-promoting effects are primarily mediated through effects on differentiated cell types and/or suppression of the immune system. Alternatively, if SVZ stem cells have a finite lifetime or are capable of only a limited number of divisions as suggested previously in the hippocampus (Encinas et al., 2011) , mTOR inhibition could conceivably contribute to long-term tissue maintenance by enabling neural precursors to persist further into old age. Such questions are of prime interest, considering the hopes for NSC-based regenerative therapies, and await further analysis. (Figure legend continued. ) cell population remains stable. Growth factors such as EGF can reactivate proliferative expansion of the TA progenitor population in the aging SVZ, and stimulation of mTOR activity is essential for this effect. The endogenous signals that stimulate mTOR activity in the young adult brain and that decrease in the aging brain are currently unknown, and might normally originate from the neural precursors themselves (i.e., stem cells, progenitors, or neuroblasts)orfromsupportivenichecellssuchasependymalorbloodvesselendothelialcells.ns,Not significant. *p Ͻ 0.05; **p Ͻ 0.01; ***p Ͻ 0.0001. Scale bar: (in G) A-I, 50 m.
